High-level ab initio molecular electronic structure calculations are performed for Rg-Br 2 (Rg ϭHe, Ne, Ar) complexes at CCSD͑T͒ ͑coupled cluster using single and double excitations with a noniterative perturbation treatment of triple excitations͒ level of theory. Specific augmented correlation consistent basis sets are used for each noble atom ͑Rg͒, supplemented with an additional set of bond functions. Effective-core potentials ͑ECPs͒, augmented with diffusion ͑sp͒ and polarization (3d f ) functions, have been employed for the bromine atoms. For all complexes, the CCSD͑T͒ potential energy surfaces ͑PESs͒ show double-minimum topology, with wells at both linear and T-shaped configurations; the linear minimum is found to be deeper than the T-shaped one. Vibrational corrections are taken into account for all the complexes and their effects in the stability of the linear and T-shaped conformers are examined. For each complex and each configuration ͑linear and T-shaped͒, R e equilibrium intermolecular distances, D e and D 0 dissociation energies, are evaluated and compared with previous theoretical and/or experimental results.
I. INTRODUCTION
The rare gas-halogen van der Waals ͑vdW͒ molecules provide relatively simple systems for which intermolecular potentials and dynamical processes can be studied in great detail by both experimentalists and theoreticians ͑see Refs. 1 and 2͒. One of the most interesting subjects of the rare gas dihalogen complexes turns out to be the structural analysis of their ground electronic state. Ab initio results predict global minima for linear configurations of these complexes [3] [4] [5] [6] [7] whereas experimental data were consistent with the T-shaped configuration for the ground ͑X͒ and electronically excited (B) states. Huang et al. 8 have shown that this disagreement between theory and experiment is due to the zero-point vibrational energy that favors the T-shaped isomer.
Among the rare gas-dihalogen species, the most detailed theoretical studies have been performed for Rg-Cl 2 complexes ͑see Ref. 9 and references therein͒ and, in contrast, less attention has been paid to Rg-Br 2 systems, despite the experimental data available. In studying the dynamics of rare gas-dihalogen molecules, pairwise additive atom-atom potentials have been commonly used ͑see Refs. 10 and 11͒ with success in describing some important phenomena, but more detailed theoretical studies have shown 12 that atom-atom forms are not consistent with experimental observations. Therefore, high-level ab initio theory should be employed to describe the weak van der Waals interactions.
He-Br 2 is one of the most studied complexes. Potential energy surfaces based on MP4 ab initio calculations have been reported 12 for its ground (X) and excited (B) states and dynamical quantum calculations have been carried out 10, 12, 13 emphazing the importance of the anisotropy of the PES for the ground electronic state of He-Br 2 . Later, another MP4 surface has been calculated 14 and used to calculate an excitation spectrum of He-Br 2 . Recently, a study based on CCSD͑T͒ approach has been presented for Ne-Br 2 ͑Ref. 15͒ and, for Ar-Br 2 , ab initio results 16 at CCSD͑T͒ level have established the double minimum topology of its potential energy surface but show a considerable underestimation of the binding energy of the complex.
The aim of this study is to present high-level ab initio calculations, as accurately as currently possible at an ab initio level, and to reproduce reliable PESs comparable to the available experimental data for weakly bound systems, for Rg-Br 2 complexes. Thus, we report on theoretical predictions of the linear and T-shaped structures, energies, and vibrational frequencies of Rg-Br 2 systems, and we compare our results with the best available values.
The paper is organized as follows. In Sec. II we outline the computational details of our ab initio calculations. In Sec. III we discuss our ab initio results for each complex, we present the parametrized potential energy surfaces and discuss on equilibrium geometries, binding energies, and vibrational frequencies and compare with experimental data or previous ab initio studies. Conclusions constitute the closing section.
II. COMPUTATIONAL DETAILS
The ab initio calculations are performed using the GAUSSIAN 98 package. 17 All computations are carried out at the CCSD͑T͒ level of theory. For bromine atoms the Stuttgart group ͑SDD͒ effective core potential 18 is employed. The valence electrons are described using the SDD basis set augmented with ͑sp͒ diffusion and (3d f ) polarization functions, denoted as SDDϩG(3d f ). The exponents of diffusion and polarization functions used for bromine associated with a͒ Electronic mail: rita@imaff.cfmac.csic.es the SDD ECP were those specified in the literature. 15, 19, 20 Such ECPs basis sets have been used [19] [20] [21] in calculations of halogen-containing molecules. In particular, CCSD͑T͒ calculations for the Br 2 molecule using the SDDϩG(3d f ) basis set 15 are in very good agreement with experimental data and recent CCSD͑T͒ ab initio calculations using the extended SDB-cc-pVQZ basis set. 22 For van der Waals complexes, efficient basis sets can be constructed with the use of midbond functions. Studies by Tao and Pan 23 have shown the importance of these property specific basis sets; they provide an efficient way 3, 24 to saturate the dispersion energy, the dominant attractive force in the case of vdW complexes ͑e.g., Rg-X 2 , XϭF, Cl, Br). The justification for using basis sets with bond functions is based on comparison with results obtained using larger basis sets in recent studies on weakly bound systems. 9, [25] [26] [27] [28] For example, potential energy surfaces for Rg-F 2 and Rg-Cl 2 complexes have been already re-examined 9,26 using basis sets augmented with bond functions. The high quality of the results obtained with basis sets augmented with bond functions became even more convincing when comparison has been made 25 with interaction energies for Ar-HCl at the complete basis set limit.
The exponents of the bond functions are known to be quite system independent 29 and, after studying the efficiency of some of them performing systematic calculations, we select the (3s3 p2d2 f 1g) bond functions with exponents given in Ref. 27 . Therefore, for the Rg atom we used augmented correlation consistent ͑aug-cc-pVnZ, nϭQ,5͒ basis sets incorporated in the GAUSSIAN 98 programs supplemented with an additional set (3s3p2d2 f 1g) of bond functions 27 and will be denoted as aug-cc-pVnZϩ(3s3 p2d2 f 1g), n ϭQ,5. We place the bond functions in the middle of the van der Waals bond and in all calculations 6d and 10f Cartesian functions are used.
In our study, for each complex, the results obtained with aug-cc-pVnZϩ(3s3p2d2 f 1g) basis sets were in better agreement with experimental data than those obtained using aug-cc-pVnZ basis sets, demostrating that the use of bond functions clearly gives much more efficient basis sets. To better illustrate the importance of bond functions we report on the dissociation energies for the Rg-Br 2 complexes, taken using aug-cc-pVnZ basis sets with and without (3s3p2d2 f 1g) bond functions. For He-Br 2 we get a difference of 11 cm Ϫ1 in the D e values of the T-shaped and linear configurations, for Ne-Br 2 a difference of 35 cm Ϫ1 and for Ar-Br 2 is 98 cm Ϫ1 , resulting in a significant improvement with respect to the corresponding values when using aug-cc-pVnZ, nϭQ,5 basis sets for the Rg atoms. We should note that results obtained with the aug-cc-pVnZ, n ϭQ,5 basis with and without bond functions are qualitatively similar. The difference between the energies of the linear and the T-shaped structures is preserved, with the T-shaped configurations being always higher in energy that the linear ones, independently of the use of the bond functions.
III. RESULTS

A. Ab initio calculations
The potential energy surfaces for He-Br 2 , Ne-Br 2 , and Ar-Br 2 complexes are examined using the supermolecular approach. In a supermolecular calculation, the interaction energy between a pair of atoms or molecules, is given by
where E Rg-Br 2 is the energy of the complex (Rg ϭHe, Ne, Ar) and the E Rg , E Br 2 are the energies of the monomers. The results are corrected for the basis-set superposition error (E BSSE ) using the standard counterpoise method. 30 We used Jacobi coordinates (r,R,) to describe the triatomic complexes, where R is the intermolecular distance of Rg atom from the center of mass of Br 2 , r is the bond length of Br 2 , and is the angle between the R and r vectors. For each of the Rg-Br 2 molecules, we examined several intermolecular distances R (2.5рRр10 Å), and for each of them we performed calculations for ϭ0°, 30°, 60°, 90°with fixed rϭ2.28 Å. The results for each system are listed in three tables: Table I contains the CCSD͑T͒ interaction energies for He-Br 2 , Table II for Ne-Br 2 and Table III 14 although our calculations give lower interaction energies ͑5.8 cm Ϫ1 for the linear isomer and 1.3 cm Ϫ1 for the T-shaped one͒ than in the previous study ͑see Table  IV͒ . Furthermore, our calculations predict a larger ͑by 8.5 cm Ϫ1 ) difference between the energies of the two structures than the results of Williams. 14 In Table IV we also present results on the D e and R e values given by a IDIM PT1 semiempirical model. 10 This model predicts double mini- 
B. Analytical representation of the PESs
For each , the calculated interaction energies ͑see Tables I, II, III͒ are fitted to an analytical expression. Various potential forms are tested for the V(R, i ),iϭ1 -4 curves, including Morse, Degli Esposti, and Werner, 34 and combinations of Morse-vdW, Morse-Born-Mayer-vdW type. We found that the Morse-vdW type form was the most flexible, allowing for an accurate representation of the ab initio points at short (1.5рRр3.0 Å) and large (Rу10.0 Å) distances, ensuring a correct asymptotic behavior. Therefore, we use this analytical expression to fit the CCSD͑T͒ data for each complex. The potential function has the following form,
For each Rg-Br 2 complex, and each angle we fitted the ab initio points given in Tables I, II , and III to the expression given in Eq. ͑2͒. All adjustable parameters for each Rg-Br 2 complex are listed in Table V using a nonlinear least square calculation. We should note that the above parameters do not have physical meaning and they simply serve the fitting procedure. The average absolute deviation ͑standard deviation͒ between the original ab initio data and the fit was smaller than 0.55 E h (0.12 cm Ϫ1 ) for He-Br 2 , 0.64E h (0.14 cm Ϫ1 ) for Ne-Br 2 and 3.0E h (0.7 cm Ϫ1 ) for Ar-Br 2 for energies ⌬Eр1000 cm Ϫ1 .
To represent the two-dimensional interaction potentials of the Rg-Br 2 complexes we use an expansion in Legendre polynomials,
where the V (R) coefficients are obtained by a collocation method. Figure 1 presents two-dimensional contour plots of the V(R,) surfaces for all the Rg-Br 2 complexes in the XY -plane. The equipotential curves are shown for Rg moving around of a Br 2 molecule with fixed r e ϭ2.28 Å. For each complex, the linear potential well is deeper than the perpedicular well and the barriers between the two wells are at energies Ϫ18.1 cm Ϫ1 for He-Br 2 , Ϫ44.5 cm Ϫ1 for Ne-Br 2 and Ϫ126.5 cm Ϫ1 for Ar-Br 2 . The isomerization barrier for He-Br 2 is rather low, so the lowest vibrational levels are expected to be extended in both wells. For Ne-Br 2 and Ar-Br 2 the isomerization barriers are high enough, so the lowest vibrational levels of these complexes are expected to be mostly localized in either the linear or T-shaped well.
C. Vibrational analysis
As mentioned before, the zero-point energy plays an extremely important role in the stabilization of the T-shaped structures for all these complexes. Therefore, zero-point energies are calculated here for the Rg-Br 2 complexes. The harmonic approximation is expected to underestimate the zero-point energy for these complexes, therefore, we performed quantum mechanical calculations to evaluate the D 0 for these systems. The Hamiltonian has the form
where 1 Ϫ1 ϭm Rg Ϫ1 ϩ(2m Br ) Ϫ1 and 2 Ϫ1 ϭm Br Ϫ1 ϩm Br Ϫ1 are the reduced masses, m Rg (RgϭHe, Ne, Ar) and m Br are the atomic masses, l and  are the angular momenta associated with the vectors R and r, respectively, leading to a total angular momenta Ĵ ϭ lϩ . r e is fixed to the equilibrium Br-Br bond length, and the potential for each complex is given by the V(R,) expansion ͓Eq. ͑3͔͒.
Using the one-dimensional potentials given in Eq. ͑3͒, numerical basis functions ͕ f n (R)͖ nϭ1, . . . ,12 are obtained by solving the one-dimensional Schrödinger equation. For each angle , we choose three basis functions and we orthonormalized them using the Gram-Schmidt procedure. For a zero total angular momentum, lϭϪ , the corresponding twodimensional Hamiltonian is represented in the radial, ͕ f n (R)͖, and the angular, ͕P m (cos )͖, basis functions and the calculated eigenvalues correspond to the vibrational energy levels. The results of these calculations, in comparison with the best available data for the Rg-Br 2 complexes are summarized in Table IV . In Fig. 3 we present contour plots of the probability density distributions for the two lowest vdW vibrational levels (nϭ0, nϭ1) for each of the Rg-Br 2 molecules. For He-Br 2 complex the lowest two (nϭ0,1) vdW vibrational levels for Jϭ0 are found at energies of Ϫ17.7 and Ϫ17.2 cm Ϫ1 , respectively, with a very small energy difference between them (Ϸ0.5 cm Ϫ1 ), and slightly above the isomerization barrier. The nϭ0 eigenfunction is mainly localized in the T-shaped well, whereas the nϭ1 corresponds to linear configurations ͓see Figs. 2͑a͒ and 3͑a͔͒. However, we should note ͓see Fig. 3͑a͔͒ that both the nϭ0 and nϭ1 wave functions are extended to linear and T-shaped configurations. As we see, zero-point vibrational corrections bring the energies of the two configurations to approximately the same level and they reverse the ordering of the two minima, with the T-shaped to be the lowest one. This is in accord with predictions based on semiempirical data 10 and on an indirect experimental estimate 1,31 ͑see Table IV͒. For Ne-Br 2 system, the nϭ0, 1 vdW vibrational levels for Jϭ0 are at energies of Ϫ68.0 and Ϫ67.3 cm Ϫ1 , respectively, with an energy difference of only 0.7 cm Ϫ1 . These figures are within the error bar of the experimental estimate 32 of D 0 ϭ70.5Ϯ2.0 cm Ϫ1 ͑see Table IV͒ . The nϭ0 eigenfunction localized in the linear isomer and the nϭ1 in the T-shaped one ͓see Figs. 2͑b͒ and 3͑b͔͒. It is interesting to note that the zero-point corrections does not alter the stability of the two minima for the Ne-Br 2 .
For Ar-Br 2 molecule, we found the nϭ0, 1 vdW vibrational levels at energies of Ϫ228.0 and Ϫ203.5 cm Ϫ1 with an energy difference of 24.5 cm Ϫ1 . Our calculations indicate that the linear well still remains significantly deeper than the T-shaped one, even when the zero-point vibrational energy is included. Figures 2͑c͒ and 3͑c͒ show that the nϭ0 eigenfunction corresponds to linear configurations, while the n ϭ1 to T-shaped configurations. To our knowledge there is no experimental information available for the D 0 value of Ar-Br 2 complex. On the other hand, the previous ab initio calculations 16 underestimate considerably the binding energy of Ar-Br 2 ͑see Table IV͒ . Therefore, we can only make a comparison with an available semiempirical estimate 16 based on a scaled DIM model ͑see Table IV͒ .
IV. CONCLUSIONS
We have presented results of ab initio calculations for the interaction of RgϭHe, Ne, Ar, with Br 2 molecule using CCSD͑T͒ approach. The ͑aug-cc-pVnZ, nϭQ,5) ϩ(3s3p2d2 f 1g) basis sets have been employed for the rare gas atoms and the SDD effective core potential basis sets supplemented with diffusion and polarization functions ͓SDDϩG(3d f )͔ for the Br atoms. The CCSD͑T͒ calculations, the most accurate to date for all the Rg-Br 2 (Rg ϭHe, Ne, Ar) molecules, are in good accord with available experimental data. High quality basis sets and correlation treatments are essential for obtaining an accurate description of van der Waals complexes. As in all previous ab initio studies, each surface has a double minimum topology with linear and T-shaped isomers. The CCSD͑T͒ interaction energies for the linear configurations are found to be lower than the T-shaped ones for all the Rg-Br 2 complexes studied.
Zero-point vibrational energy corrections are found to be very important in the stability of the linear and T-shaped isomers. The most interesting appears to be the case of He-Br 2 for which the ground vibrational state is found to correspond mainly to T-shaped structure, whereas the first vibrational state corresponds to the linear configuration and is only 0.4 cm Ϫ1 higher than the ground one. For Ne-Br 2 and Ar-Br 2 the zero-point vibrational effects are less important and does not reverse the ordering of the two minima. For He-Br 2 and Ne-Br 2 , molecules the geometries and their binding energies predicted by the CCSD͑T͒ calculations are in excellent agreement with experimental estimates. 12, 13, 32 For all the Rg-Br 2 complexes, the present results are more reliable than the best available ones. Work is in progress for constructing three-dimensional potential energy surfaces for these complexes to study their dynamics and spectra. Preliminary results 35 on the B←X excitation spectrum of HeBr 2 show that the double minimum surface presented here for the ground ͑X͒ state describes very well the experimental spectrum of the HeBr 2 complex, 12 indicating that for the HeBr 2 the two structures are likely very close in energy and therefore, both of them can be determined by the experiment.
